Recent advances in nanotechnology offer new hope for disease detection, prevention, and treatment. Nanomedicine is a rapidly evolving field wherein targeted therapeutic approaches using nanotechnology based on the pathophysiology of gastrointestinal diseases are being developed. Nanoparticle vectors capable of delivering drugs specifically and exclusively to regions of the gastrointestinal tract affected by disease for a prolonged period of time are likely to significantly reduce the side effects of existing otherwise effective treatments. This review aims at integrating various applications of the most recently developed nanomaterials that have tremendous potential for the detection and treatment of gastrointestinal diseases.
ALTHOUGH NANOMATERIALS (NMs) are widely considered to be an invention of modern science, they actually have a very long history. Nanoparticles (NPs) were empirically used by artisans as far back as the 9th century in Mesopotamia to generate a glittering effect on the surfaces of pots. The first scientific description of nanometer-scale metals was provided by Michael Faraday in his classic paper (25a) , but the development of NMs depended mainly on their visualization and the characterization of their physical and chemical properties. Modern instrumental techniques have drastically increased our ability to precisely measure particle size distributions and many other parameters that are correlated with nanoscale objects. For example, techniques such as transmission and scanning electron microscopy and scanning tunneling microscopy have facilitated the direct visualization of individual NPs with atomic accuracy (35, 46) . As a result of these advances, scientists have developed exquisite and highly sophisticated methods to generate nanoscale materials with different sizes, compositions, and geometries. These nanoscale materials possess unique and unusual properties and are currently used by multidisciplinary teams of scientists in scientific areas that range from physics and engineering to biochemistry. Consequently, the field of nanomedicine has emerged alongside the development of these materials to harness some of their novel properties. Tremendous progress has been made with respect to the synthesis of a variety of materials that can be used as nanovehicles (carbons, synthetic polymers, polysaccharides, and iron, to name a few) (51, 65) and the techniques used to control the shapes and length scales of NMs. The discovery of quantum effects (size-dependent properties) that produce nanomaterials with specific emissive, absorptive, or scattering spectra has broadened the range of their potential applications in areas such as imaging and diagnostics (10, 11, 33) . One of the most attractive applications of NM is as a drug delivery system, in which NMs are used as drug carriers. The potential to target a single cell represents a revolutionary tool for medicine. There are several advantages using NMs: NMs are small in size (1-1,000 nm) with correspondingly large surface area-to-volume ratio; NMs have good stability, robustness, and a long shelf-life compared with molecular carriers; drugs can be loaded into NPs at a high concentration, and the NMs may be made to evade normal digestive processes and thus efficiently deliver drugs to specific sites; the kinetics of drug release can be modulated; chemically tailorable surfaces may be modified with ligands to affect site-specific drug delivery.
Each of these capabilities allows researchers to design and use NM in medicine and gastroenterology to perform diverse functions in bioimaging, diagnostics, and drug delivery that can compete favorably with conventional molecular approaches.
CHARACTERISTICS AND TYPES OF NANOMATERIALS USED IN GASTROENTEROLOGY
The gastrointestinal (GI) tract is an attractive target system for nanotechnology applications (Table 1) . It is the site of therapeutic absorption, and the behavior of NMs can be regulated during transit through the digestive tract under conditions of varying pH, transit time, pressure, and bacterial content. The distinct features of each part of the digestive tract introduce many challenges to the application of therapeutics to the gut. NM behavior must be optimized for efficient transit under varying pH, pressure, and enzyme-catalyzed degradation to reach the target site. Engineering a nanocarrier that is robust under the range of conditions presented by the gut represents a challenge in and of itself. The properties of the NMs and the interactions with tissues in the gut depend heavily on size, size distribution, morphology, hydrophilic-hydrophobic balance, and surface functionalization of the NM.
Characterization of Nanomaterials
NM size. Size (defined as the diameter of particles over the range from 1 to 1,000 nm) is a key aspect of NMs, since this can influence cellular uptake, physical properties, and interactions with biomolecules. For example, Lamprecht et al. (53) recently characterized the deposition of particles of three sizes, 0.1, 1, and 10 m, in the gut after oral administration. Interestingly, the authors showed that small particles preferentially deposited in the colon (better bioadhesive properties), with the highest rate of uptake by macrophages in an inflamed colon, relative to the normal intestinal cells. In many cases, the size of a given NM is determined by the procedure used in the synthesis and their chemical composition. For example, 1-to 10-nm particles are typically formed by crystalline iron atoms or micelles of small molecules, whereas larger particles (10 -1,000 nm) are typically generated from polymeric materials. In addition to particle size, the composition and surface properties of materials used for micro-or nanoencapsulation can regulate uptake and transport across mucosal barriers and particularly those that pertain to gastroenterology. Importantly, the properties of mucosa and the nature of their interaction with NMs must be carefully considered when developing NMs in gastroenterology. For example, pore size and charge of mucin molecules, which are found along the digestive track (from the stomach to the colon), may vary significantly in each region of the gastric milieu. The mucosa can regulate the interactions between the orally administered NMs and the targeted cells. If the NM is coated with a polymer, the NM size may be modified by other factors, such as the hydrophilic-hydrophobic balance of the polymeric materials. A good solvent for the coated polymer will allow relaxation of the polymer structure to increase the total NM size. These properties define the way in which the NMs may interact with the gastric lining.
The NM size depends on the synthetic process used to prepare the NPs [miniemulsion, sonication, or extrusion (2, 3, 39, 57, 58, 100)]. There are two main classes of NPs: ones that require energy to fragment the bulk materials and others that depend on the nucleation and growth of seeds through chemical processes. During synthesis of liposomes, for example, energy is provided to the system (mechanical, acoustical, or thermal energy)b and this energy determines the size range of the resulting NPs. In general, as more energy is provided to the system, the size distribution narrows and the NPs become smaller. For narrow size distributions to be achieved effectively, the energy introduced into the system (aqueous or organic) must also be homogenously distributed throughout the solution. This condition may be difficult to realize if highmolecular-weight molecules are used to make the particles. For NPs that are formed spontaneously, such as micelles, noble Biomedical applications usually require that the NMs interact with or be taken up by cells; therefore, the particle diameter needs to be much smaller than the size of cells. Lamprecht and colleagues (52) showed that nonphagocytic eukaryotic cells can internalize particles Ͻ1 m in size. Small particles that are 5-110 nm in size are under development as potential carriers of anticancer drugs via intracellular drug delivery. Notably, Lamprecht and colleagues report that particle size does not significantly impact the release kinetics of the drug, but it was beneficial to decrease the "burst effect" of drug release from small NPs. These authors also showed that treatment of a cell culture model for cancer with paclitaxel loaded into NPs produced less cytotoxicity and an efficacy that was 40 times higher than that observed for treatment with the pure drug at the same concentration (52) .
NP size is not the only parameter that influences cellular uptake. Particle surface characteristics may be adjusted to optimize biological response. NPs have shown great promise in gastroenterology because their interactions with intestinal epithelial cells, macrophages, immune cells, and M cells are tunable, suggesting their potential as a vehicle for vaccinations.
Surface properties. In all nanomedicine studies, the major challenge is determining how NMs will interact with the mucosa, tissue, or targeted cells. The first stage of oral drug delivery involves the interactions between the NM surface and the mucosa or GI cells. One such parameter that plays an important role in determining these interactions is the electrostatic surface charge of a NM. The zeta potential () accurately approximates the charge on a NP and is used to describe cell-NM interactions (22, 24) . The charge on a NM depends on the polymer used for the NM matrix or can be modulated by adsorbing specific molecules onto the NM surface. The charge displayed on a NM prevents aggregation. Higher (positive or negative) can produce a stronger electrostatic repulsion between NMs, and thus the NM suspension will become more stable. Digestive diseases, such as ulcerative colitis (UC), Crohn's disease, or cancer, may potentially be treated by an intravenous injection of a NM-encapsulating therapeutic, the surface characteristics of which may strongly affect the therapeutic index. After intravenous administration, NP circulation model studies have shown that the charge and hydrophilichydrophobic balance on NMs, but not micelles, regulates the NM interactions with proteins. Proteins adsorb onto the surfaces of NPs to promote opsonization, which leads to aggregation and rapid clearance from the bloodstream (70, 77, 85, 106) . Rapid clearance is mediated by splenic filtration and phagocytosis by the mononuclear phagocyte system in the liver. Another important consideration is the role of nonspecific interactions between the biomolecules and the nanomaterials. In many cases, these nonspecific interactions can be minimized when hydrophilic polymers, such as polyethylene glycol, are grafted, conjugated, or absorbed onto the surface of NPs to form a shell. This coating provides steric stabilization and confers "stealth" properties that prevent protein absorption (4, 76) . Cell targeting applications require a controlled circulation time for NMs in the bloodstream to allow for efficient interactions with the target tissue. Jung et al. (43) articulated the importance of the on the interactions with the gut mucosa during oral NP delivery. Jani et al. (42) studied the interactions between charged NPs and the intestinal epithelia, demonstrating that the uptake of carboxylated polystyrene NPs was significantly less, especially in M cells, compared with neutral or positively charged polystyrene.
High surface area-to-volume ratio. Nanomedicine can take advantage of the high surface area-to-volume ratio of NMs and the specificity of the digestive system by engineering diversified interaction sites into the NMs (Fig. 1 ). Most NMs are spherical (NPs, micelles, or liposomes) and hence have a surface area-to-volume ratio of 3/r, where r is the radius. As r decreases, the surface area-to-volume ratio increases. A particle with a large surface area has more interaction sites available than a particle with a small surface area, and the rate of an interaction at the surface may, therefore, be higher. This has important implications for drug delivery. It should be noted that the inverse relationship between particle size and surface area-to-volume ratio applies to all geometrical shapes and is not restricted to spheres. For example, the main characteristic of nanotubes (cylindrical NMs) is based on the length-todiameter ratio, which can reach 28,000,000 in some cases. The lightweight and strong carbon nanotubes are used in bone engineering as structural mimics of bone, collagen, or hydroxyapatite.
The dependence of drug delivery rate on particle surface area in nanomedicine applications must be considered. The concern in gastroenterology delivery systems is that the drug may be degraded during transport to the target. The various degradation mechanisms can increase the dosing of the drug and produce unwanted side effects. By their size, physical properties, chemical characteristics, and high surface area-tovolume ratio, NPs may help regulate the pharmacokinetic profile of a drug (36, 94) . Fig. 1 . Illustration of the difference in surface-to-volume ratio between a microparticle (S1 ϭ 1 mm) and a nanoparticle (S2 ϭ 100 nm).
Nanomaterial Carriers
The polymers used as particulate vectors may be natural or synthetic, synthesized by standard polymerization chemical methods. In either case, the polymers must be biocompatible, nontoxic, nonimmunogenic, and noncarcinogenic. They must also be (bio)degraded in the body, and their degradation products must be well tolerated and quickly eliminated. Examples of degradable polymers include polyorthoesters, polyanhydrides, polyamides, polyalkylcyanoacrylates, polyesters, lactides/glycolides, polycaprolactones, polyphosphazenes, or pseudo-polyamino acids. Nondegradable polymers are usually composed of silicone, elastomers, polyethylene oxide, polyethylene glycol, or acrylic polymers.
Among the natural polymers, the most commonly used are proteins such as gelatin or albumin, and polysaccharides such as alginate, chitosan, pectin, or amylopectin. Polysaccharides, in particular, have additional advantages in that they are degraded by bacteria and hence can be used as a colonic delivery system (81, 91) . The monosaccharide subunit (galactose, glucose, acid derivatives, or N-acetyl) degradation products are easily eliminated or assimilated by the body. A disadvantage of natural polymers is that it is difficult to control their size and, therefore, their average molecular weight (number or mass). Synthetic polymers have been developed to afford this control. The chemical composition of most polymers and copolymers used in particulate vectors is largely modular. Appropriately tuned macromolecular synthetic methods permit regulation of the size and molecular weight distribution. In addition, specific architectures, mechanical properties, viscoelastic properties, or surface energies may be controlled by polymer chemistry methods. Aliphatic polyesters (56, 84, 114) have been widely studied for their biocompatibility and biodegradable properties. Poly(D,L-lactide) (PLA), poly(glycolide) (PGA), and their copolymers degrade in the body to yield lactic acid and glycolic acid, which are natural metabolites. Ultimately, these metabolites are converted into CO 2 and H 2 O. Poly(⑀-caprolactone), which is more hydrophobic than PLA or PGA, biodegrades slowly in vivo in the presence of lipase. Polyalkylcyanoacrylates can dissolve in biological fluids after hydrolysis of the acrylate function (7).
Nanoparticle Vectors
As shown on Fig. 2 , particulate vectors, as they pertain to nanotechnology, refer to the drug carrier system. Particulate vectors are classified according to vector size, targeting mechanism used, and the NM itself: microparticles, micelles vectors, or NPs. Sizes of microparticles and NPs in the range of 1 Å to 1 m allows for the potential interaction and/or uptake of nano-or microparticles by living unit cells. This ability is first due to the similarity of size between most cells or bacteria and the nano-or microparticles (Fig. 2) . The nanocarriers can be particulate dispersions or solid particles in which a drug can be dissolved, entrapped, or attached. There are different types of NP carriers that may be classified on the basis of their constituent elements; these are described below.
Liposomes (19) are small (nano-or micrometric) spherical vesicles composed of walls that are formed by one or more phospholipids bilayers surrounding a central aqueous phase. They may carry hydrophilic drugs in the central aqueous phase or a lipophilic drug inserted into the phospholipids bilayer.
Liposomes can simplify delivery of lipophilic drugs that cannot be stably accommodated for biological release in standard delivery systems. Liposomes have good biocompatibility because the raw materials that compose them are natural phospholipids, sterols, or glycerolipids, and they behave as a modified release system. However, the vesicular structures are chemically unstable (phospholipids are easily oxidized or hydrolyzed) and physically unstable (the micelles may aggregate, fuse, or lose their contents).
Dry emulsions are systems comprising a spherical shell structure with walls composed of surfactant molecules and an oily core in which lipophilic active molecules may be dissolved. Dry emulsions can be prepared by using stabilizers, amphiphilic macromolecules such as proteins, or modified polysaccharides (79) . They may be freeze dried to yield a powdered form that is easily reconstituted in water to yield the original oil-in-water emulsion. Nanocapsules (NCs) or nanospheres (NPhs) are polymeric colloidal structures with diameters between 100 nm and 1 m, including NPhs and NCs. The polymer networks of the NPhs form spherical matrix structures with polymer shells and oily cores. An active molecule may be incorporated within the polymer network during formation of the NPhs or adsorbed to the surface through hydrophobic, electrostatic, or covalent interactions. The affinity of the NPhs to a cell or tissue type may be enhanced by incorporating tissue-or cell-specific ligands into the NPhs during synthesis. Thus these thirdgeneration vectors may be designed to target cells (9) .
NANOPARTICLES AS A DRUG CARRIER: VECTORIZATION AND CHALLENGING CONSIDERATIONS IN THE FIELD OF GASTROENTEROLOGY
The bioavailability of a drug may be optimized by NM encapsulation. The vectorization of millions of molecules of a drug within a single cell or organelle is, without contest, the most powerful treatment possible (1, 110). 
Vectorization
The vectorization process consists of formulating an active drug in sufficient quantities to meet the target by using a vector-soluble or water-insoluble inactive therapeutic. Targeted delivery avoids the direct administration of the drug and improves the pharmacokinetics of the active vectorized drug (Fig. 3) . The objective of the vectorization is to develop a method of drug administration that improves the bioavailability of an active molecule, for example, extending the half-life of the drug in the body, promoting availability, and, in some cases, facilitating transport of a drug past select biological barriers while protecting the structural integrity of the active functional therapeutic agent (particularly when faced with the many degradation enzymes).
Indeed, drugs will have a low therapeutic index if they cannot traverse the biological barriers that separate the site of administration from the site of action. Several vectorization methods have been tested, including encapsulation in NPs, which is an important, innovative, and promising technology. As mentioned above, targeted delivery has many advantages. Vectorization of a drug creates a protective coating around the therapeutic molecule to guard against enzymatic and chemical inactivation. Thus the pharmacokinetics of the drug (in terms of dosage and time release) may be optimized. This is particularly useful for drugs that have a short half-life in vivo. The therapeutic efficacy of a bioactive molecule is safeguarded in many treatment regimens by injecting a high drug dose and/or repeating the injection with frequency, both of which can cause undesirable side effects. The gradual release of an active molecule encapsulated within a particle allows reduction of the number of injections and improves the patient's comfort. Vectorization additionally may lead to an optimal pharmacological profile: the variability of concentrations in vivo of an active molecule can be reduced by controlling the drug release profile and maintaining concentrations at an efficient pharmacological level. Controlling the rate of release of active molecules encapsulated within a matrix vector can ensure that the concentration remains constant over a much longer period than is achievable under standard dosing regimens. In nanomedicine, NMs not only decrease the drug concentration, but also permit complete control over the kinetics of drug degradation. Two aspects of drug delivery may, therefore, be optimized: the drug can be introduced in efficient but minimal quantities, and the carrier, usually a polymer, assists in the targeted delivery of the drug.
NM vectors for oral drug administration are designed so that only the matrix, not the drug, is subject to degradation in the digestive tract. The degradation process begins with the mechanical forces imposed by mastication and then proceeds with enzymatic breakdown by the enzymes in the mouth. After oral intake, several different challenges face the NMs.
Barriers to NM Interactions with Cells
Erosive conditions are present throughout the digestive system. In the stomach, the acidic pH (pH ϭ 2-3) can lead to degradation upon contact. Degradation in the small intestine is facilitated by the oxidative and denaturing digestive juices. In the colon, the pH reaches neutrality (pH ϭ 7) and the drug will be exposed to enzymes secreted by bacteria located only in the colon (61) . Drugs are degraded not only by bacterial enzymes of the local flora but also by the mechanical pressures applied in the colon where intestinal motility is required. Thus the drug may be specifically released when (time dependence) and where (physical chemistry environment dependence, for example, pH, enzymes, pressure) the matrix is degraded. Because the drug was protected during the degradation process, the positive biological effects of the drug remain once the drug reaches the target site. Delivery is all the more challenging for strategies that target the colon because this is the last part of the digestive system. A number of drug carriers and delivery systems have been investigated for this purpose. Among these, NPs are attractive carriers that have recently shown great promise for promoting drug efficacy. Because water-insoluble drugs pose several challenges with respect to efficient release and bioavailability, NM encapsulation of hydrophobic drugs offers a solution. Bypassing the solubility issues, NM encapsulation shows great promise. For example, strategies designed around the concomitant release of drugs with opposite solubility in water have been studied in the context of lipophilic drug encapsulation (5) . In this study (5), the authors synchronized sulpiride (SP) (a low water-soluble drug) and quinidine (Qn) release from hydroxypropylmethylcellulose tablets. They showed that the synchronous release of Qn and SP resulted in the increased bioavailability of SP. Synchronous release efficiency could also be enhanced by targeting NPs to specific cell or tissues. In that case, target-specific ligands were linked to the NP surface.
STRATEGIES USED IN NP DELIVERY IN THE DIGESTIVE SYSTEM
An unmet need in GI disease treatment is the targeted delivery of drugs to the terminal ileum and colon, two sites that are affected by inflammatory diseases and colon cancer. Four strategies for drug delivery systems in nanomedicine may be enumerated on the basis of the relative constant transit time in Fig. 3 . Illustration representing the different localization of drug in targeted strategy compared with systemic treatment. For oral intake or intravenous injection of the classical drug, the bioactive component is distributed throughout the body without any distinctions between healthy and inflamed tissue. Enema strategy can only target the distal part of colon. In targeting strategy, nanoparticles (NPs) are covered with an antibody whose ligands are overexpressed in inflamed areas. The NPs accumulate and the drug is released in the specific area.
the digestive tract, the pH, the enzyme environment, and the ambient pressure.
Time-Dependent Strategy
This strategy is based on the transit time in the GI tract. In time-dependent release, the drug is released after the outer layer of the drug delivery system is destroyed. Several properties can be used for this purpose, including the degree of swelling of a polysaccharide matrix or the pH change. Dorkoosh et al. (23) used the change in the enteric coating and the concentration or thickness of the layer to modulate the release time profile. With this technique, one can target any part of the intestine or colon. A similar approach was used to target the colon by Laroui et al. (57) in a study of the behavior of different concentrations of a mixture of two polysaccharides (alginate and chitosan). In this study, a high drug release profile was observed from the NPs in the targeted area. The kinetic of the release was modulated by the osmotic activity of the salt or charged polymers, or the erosion rate of the polymer coating.
pH-Dependent Strategy
The GI tract presents a wide range of pH values: 2-3 in the stomach, 5-6 in the small intestine, and 7 in the colon. NMs that release drugs in a pH-dependent fashion have been commercially developed. Examples include Eudragit poly(meth-)acrylate polymers. Those polymers contain acidic or alkaline groups that enable the pH-dependent release of the active ingredient. Polyacrylamide, for example, is a polymer that is highly sensitive to pH. It is stable in acidic pH but degraded in a neutral pH. This characteristic is suitable for drug protection during GI tract transit. Several polysaccharides, such as chitosan, pectin, or alginate, have been developed for delivery purposes by taking advantage of their pH-dependent stability (15, 75, 86) . Microspheres can be made to be pH sensitive as well. Lamprecht et al. (55) showed that pH can be used to modify the release of 5-fluorouracil over time using Eudragit P-4581F microspheres. In this study, the authors showed that a relatively weak change in pH (from 6.8 to 7.4) produced a dramatic effect on the kinetics of drug release from the microspheres. Sensitivity to small pH adjustments is relevant to colonic delivery systems. Other strategies call for the encapsulation of a prodrug that is chemically modified to the active drug in a pH-dependent manner, or polysaccharides grafted with a drug for cell targeting. The weak changes in pH convert the prodrug from an inactive form to an active form in the targeted area (44) .
Pressure-Dependent Strategy
The strong muscular contractions in the colon serve as a "driving force" to move its contents. Feces must be evacuated, and this organ produces muscular contractions that enable this function. These motions result in intracolonic mechanical pressures that are higher than in other parts of the GI tract. Intestinal pressure-controlled colon delivery capsules (PCDCs) rely on the relatively strong peristaltic waves in the colon for drug release. Such capsules are coated with a water-insoluble polymer, ethyl cellulose (37, 38, 90, 99) . After oral administration, PCDCs act as an ethyl cellulose balloon. The suppository base liquefies at body temperature. In the upper GI tract, PCDCs are not directly subjected to the luminal pressures due to the fluid present in the stomach and small intestine. Reabsorption of water in the colon (18) , however, increases the viscosity of the luminal contents. As a result, increased intestinal pressures directly affect the system via colonic peristalsis. In response to the increased pressure, PCDCs rupture and release the drug in the colon.
Enzyme-Based Strategy
Enzyme-based strategies depend on the colonic bacteria to degrade a NM and release the drug in the colon. Because bacteria are located mainly in the colon, this strategy is a powerful method for delivering drugs to the colon. Specific enzymes are produced only by colonic bacteria and thus only detectable in that area. That characteristic made enzyme-based strategies very interesting and powerful. In that strategy, Laroui et al. (57) have synthesized polylactic acid NPs loaded with anti-inflammatory tripeptide and succeeded in releasing them in the colon by giving it orally encapsulated in a hydrogel. This hydrogel, made with a specific proportion of alginate and chitosan, is specially degraded by the colonic enzymes. Plenty of polysaccharides can be used since they are specifically degraded by colonic bacteria such as amylase/amylopectin (15) and chitosan (57, 60, 68) .
APPLICATION OF NMS IN GASTROENTEROLOGY

Nanomaterials Used as a Theragnostic
Special "theragnostic" NMs are currently being designed with the goal of progressing through preclinical development for cancer imaging and therapy. Theragnostics rely on double encapsulation of both therapeutic and diagnostic molecules, within a single carrier. These NMs are designed to assist in both imaging (diagnosis) and therapeutic applications. Implementation of this concept requires the development of key molecules that can respond to stimuli (biological or chemical) within the area targeted for treatment. Several stimuli may be coupled to the system, for example, inflammatory indicators such as pH, elevation of temperature, hypoxia, or specific binding to an inflammatory ligand. To assist in imaging applications, signaling molecules may be encapsulated or conjugated to the carrier. Polymers may be bonded via noncovalent or covalent interactions directly during the nanocarrier synthesis (104) or after synthesis by surface modification reactions (25) . Noncovalent or covalent interactions are selected according to the application and the specificity of the area targeted for treatment. Covalent linkages based on carbonyl (25) , amine (66) , or silane (96) coupling chemistries allow a wide range of functionalities under various pH or oxidative conditions. Hydrophobic, electrostatic, or hydrogen-bonding interactions present alternatives to covalent linkages, if flexibility under chemical conditions is required (12, 97, 104, 111) . Polymers may be selected to include a variety of functional groups and/or hydrophobic sites, leading to a large set of potential linkages between the diagnostic/therapeutic molecule and the nanocarrier. Amide, ester, disulfide, hydrazone, or thioether linkages (103, 108) have been successfully used to enable covalent or hydrophobic interactions (hydrophobic drug loading) or ionic interactions (nucleic acids) (108) . As a theragnostic study, Yang et al. (109) demonstrated a promising approach to the treatment of pancreatic cancer. In this study, the author used a urokinase plasminogen activator (uPA) amino-terminal fragment (ATF) peptide as a target ligand with a high binding affinity to uPAR to block the interaction between uPA receptor (uPAR) and its natural ligand, uPA. ATF peptides have been shown to inhibit tumor growth and angiogenesis in several animal tumor models (8, 64) . Yang et al. showed that the ATF-coated NPs were efficiently taken up by cancer cells, thereby increasing their tumor-specific accumulation, both for tumor imaging and for the delivery of therapeutic agents.
Tissue Engineering
Nanotechnology may aid in the repair of damaged tissue. Tissue engineering makes use of artificially stimulated cell proliferation by using scaffolds based on suitable materials in conjunction with growth factors. Materials for tissue engineering must contain interconnected pores and require a high surface area for better efficiency. The pores allow for optimal cell culture growth by permitting cell migration, medium diffusion within the biomaterial (diffusion and release of nutriments), and electrical and chemical communication between the cells colonizing the biomaterial (88) . Within the GI tract, gastric ulcers can be treated by tissue engineering techniques. Hassani et al. (32) showed that polystyrene microspheres and NPhs adhered to the ulcerated mucosal areas. In this study, the authors showed that this interaction was maximal for small NPs (50 nm), which adhered preferentially to the ulcerated tissue rather than to the healthy tissue. This observation highlights the potential use of NPs as a carrier system for the treatment of gastric ulcers.
Specific Imaging and Therapeutic in Colon Cancer
The small size of NPs endows them with properties that can be very useful in oncology, particularly in imaging. Quantum dots (NPs that display quantum confinement properties, such as size-tunable light emission), when used in conjunction with magnetic resonance imaging, can produce exceptional images of tumor sites. These NPs are much brighter than organic dyes and can be excited by any light source that is blue-shifted relative to the emission spectrum. The fluorescent quantum dots may produce higher-contrast images at a lower cost than organic dyes, which are used as a contrast media. The downside, however, is that quantum dots are usually made of toxic elements. Nanotechnology-based products have already been approved for the treatment of cancer. Approved products include liposomes, such as Doxil, or NPs, such as abraxane. The accumulation of small nanocarriers (10 -100 nm) at a tumor site is based on the absence of efficient lymphatic drainage.
Photodynamic therapy involves the illumination, by an external light source, of particles delivered to a specific region of the body. The light is absorbed by the particle, and if the particle is a metal, energy from the light can heat the particle and the surrounding tissue. The light may also be used to produce high-energy reactive oxygen molecules, which may chemically react with and destroy proximal organic molecules. Photodynamic therapy is appealing for several reasons. It does not leave a "toxic trail" of reactive molecules throughout the body (chemotherapy) because it is directed only to the illuminated region where the particles have been delivered. Photodynamic therapy presents a noninvasive therapeutic alternative for treating diseases, growths, and tumors. Kirui et al. (48) recently reported the preparation of multifunctional gold-iron oxide NPs for targeting, imaging, and laser photothermal therapy of cancer cells using laser irradiation at 800 nm. The gold NPs were functionalized with carboxy-terminated phospholipids and conjugated to a single-chain antibody, scFv, which bound to the A33 antigen present in colorectal cancer cells. The A33 antigen is overexpressed on the surface of SW1222 colorectal cancer cells such that the NPs were selectively immobilized on the surfaces of the cancer cells. The NPs were then preferentially taken up by the cancer cells. Upon absorption of 808 nm light, the cancer tissue was selectively destroyed, demonstrating that this strategy is suitable for cancer diagnosis and therapy.
Nanoparticles Used to Deliver Gene Therapy
Currently, a major drawback of gene therapy is the inefficiency of gene transfection. The two main types of vectors used for gene therapy are based on viral or nonviral gene delivery systems. The viral gene delivery system shows a high transfection yield but it has many disadvantages, such as oncogenic effects and immunogenicity. However, cationic polymers, such as chitosan, form complexes with DNA or small interfering RNA (siRNA) and may pose nonviral alternative vectors for gene therapy applications. One major obstacle to DNA and siRNA therapy is the low penetration of naked DNA and siRNA across cell membranes (69) . To overcome this problem, several delivery systems have been studied. Recent efforts toward developing tissue-targeted nucleic acid delivery systems based on synthetic reagents have yielded promising results (26, 30, 34, 47, 78, 83, 87, 102) . To improve the efficiency of siRNA-loaded polymer NPs, more and more "targeted NPs" are imagined with a surface recovered with a peptide, a chemoattractant agent, or an antibody (Fig. 4) grafted on the polymer matrix to accumulate on a specific area before releasing the active agent. Among drug carriers, NPs, biodegradable or otherwise, have shown an interesting potential for binding and delivering DNA and siRNA (27) . Indeed, NPs were found to protect DNA and siRNA against degradation in vitro and in vivo and to significantly enhance their pharmacological activity, not only in cell culture conditions, but also in vivo (27) . In the context of inflammatory bowel disease (IBD), a biocompatible system may be most relevant. The biodegradable polymeric envelope may protect and transport the siRNA into the cytosol, thereby allowing the siRNA to be efficiently transfected in vivo (102) .
Nanoparticles Used in Colitis Therapy
IBD, which includes UC and Crohn's disease, is a chronic debilitating inflammatory condition for which existing effective and targeted treatments are largely limited by significant systemic side effects. Until the previous decade, the treatment options for IBD included anti-inflammatory medications (5-amino salicylic acid, steroids) or immunosuppressants. Despite the efficacy of these medications, their use has been limited by their nonspecific effects on the immune system, resulting in short-and long-term debilitating side effects. Although newer biological therapies such as monoclonal antibodies against tumor necrosis factor-␣ (TNF-␣) have been a therapeutic success, patients develop antibodies against the treatment, increasing the risk of infusion reactions and reducing the response to the treatment.
In an effort to mitigate the side effects of traditional smallmolecule drugs for IBD, various sustained-release drug delivery vehicles including pellets, capsules, and tablets have been designed to localize drug release to the colon. These macroscopic drug delivery vehicles limit drug adsorption in the upper intestines by releasing encapsulated agents in response to colon-specific phenomena, such as colonic pH, colon-specific enzymes, or transit time of the carrier to the colon. However, the inflammation resulting from IBD is confined to distinct sites in the intestinal tissue that are distributed throughout the lower intestine and varies greatly from patient to patient. Consequently, current macroscopic drug delivery vehicles deliver drugs to unaffected tissues in the colon and thus lack the specificity needed to target only inflamed intestinal tissues. Furthermore, the efficacy of these single-unit delivery vehicles can be limited by the rapid intestinal clearance resulting from diarrhea, which is a common symptom of IBD experienced by as many as 92% of patients.
To overcome the limitations of current macroscopic drug delivery vehicles for the treatment of IBD, multiple groups have focused on the development of treatment strategies based on drug-loaded NPs. Orally delivered NPs passively target physical changes specific to inflamed tissues, including increases mucous production, accumulation of phagocytic immune cells, and inflammation-induced barrier disruption.
One of the seminal works in the development of nanoparticulate delivery systems for IBD was performed by Nakase et al. (72) . In this work, orally administered microparticles composed of poly-DL-lactic acid loaded with dexamethasone were used to treat mice suffering from DSS-induced colitis. Their results showed that orally administered dexamethasone-loaded microparticles were predominantly taken up in inflamed colonic tissues and were more effective than solution administration at the same dose. The accumulation of NPs in inflamed colonic tissues was attributed to particle uptake by phagocytic immune cells, which inundate the submucosa as part of the intestinal inflammatory response.
A more in-depth investigation of micro-and nanoparticle interaction with inflamed intestinal mucosa was performed by Lamprecht et al. (54) . In this work, the authors demonstrate that NPs composed of poly(lactic-co-glycolic acid) accumulated preferentially in the thicker mucus layer surrounding colitic ulcers compared with the mucus layers of healthy tissue. This study demonstrated an inverse relationship between particle binding to inflamed intestinal mucosa and particle size, with particles of less than 0.1 m exhibiting the highest binding affinity. This accumulation of particles at sites of intestinal inflammation significantly increases particle retention near the tissue of interest, allowing for increased drug delivery to the affected tissue.
A central challenge to the targeted delivery of small molecules via NPs is the uncontrolled release of the active molecule in the upper intestinal tract that results from the characteristic initial drug release burst profile that is associated with the high surface area of NPs. To address this issue, the authors (80) covalently tethered the anti-inflammatory molecule 5-amino salicylic acid (5ASA) through a biodegradable linkage to NPs composed of poly(caprolactone). These 5ASA-bound NPs decreased 5ASA delivery to the upper intestinal organs and were as effective as a solution containing 60 times as much 5ASA in the treatment of IBD.
More recently, delivery strategies that incorporate the ability of NPs to passively target inflamed intestinal tissues have been incorporated into systems that actively target encapsulated agents in response to stimuli specific to inflamed intestinal tissues. Laroui et al. (57) demonstrated that a two-component system composed of NPs embedded in a polysaccharide hydrogel has the chemical and physical properties needed to target peptides and other biological macromolecules to inflamed colonic tissues. In this work, NPs loaded with the tripeptide KPV were codelivered with a polysaccharide hydrogel that protects the NPs from the harsh environment of the GI tract, limits KPV release to the upper intestinal tissues, and actively targets the release of the encapsulated NPs in inflamed intestinal tissues. As the hydrogel-nanoparticle hybrid system comes in contact with the distinctive pH of inflamed intestinal tissues, the hydrogel collapses, releasing the NPs, which deliver KPV to inflamed intestinal tissues. The incorporation of KPV-loaded NPs into polysaccharide gels has the ability to produce similar anti-inflammatory results to the free peptide at a 1,000-fold lower dose.
In addition to increasing the efficacy of traditional therapeutics for IBD, nanoparticulate drug carriers have the ability to potentiate the application of next-generation biological therapeutics, such as siRNAs for the treatment of IBD. Given that the aberrant production of proinflammatory cytokines, such as TNF-␣, is a central factor in the onset and progression of IBD, siRNAs directed against TNF-␣ have the potential to transform the treatment of IBD. However, the development of a clinically viable siRNA-based therapeutic has been stymied by two key challenges: 1) degradation in vivo of TNF-␣-siRNAs and 2) toxicity involved by systemic reduction of TNF-␣. Accordingly, there has been great interest in developing delivery vehicles that can protect TNF-␣-siRNA in vivo and target it to sites of intestinal inflammation (60) . In this work Laroui et al. (57, 60) showed in vitro efficiency of loaded TNF-␣-siRNA NPs on macrophages (RAW 264.7). They targeted TNF-␣-siRNA-loaded NPs to the colon using a hydrogel. They showed a targeted decrease of the TNF-␣ level on mice treated with dextran sodium sulfate, a model of colitis in mice (60) . Ideally, we could imagine that NPs could be targeted to a specific part of the colon encapsulated in a specific hydrogel such as in previous work (57) . To increase the efficiency of therapeutics, NPs could be improved by recovering it by specific antibodies of macrophages against a receptor potentially overexpressed during inflammation like CD11b (␤ 2 -integrin receptor). This Recently, Wilson et al. (107) demonstrated that NPs formulated from a novel polymer that degrades in response to reactive oxygen species (ROS) can be efficiently loaded with TNF-␣-siRNA and that, when delivered orally, these siRNAloaded NPs target TNF-␣-siRNA to sites of intestinal inflammation, deplete TNF-␣-mRNA in inflamed intestinal tissues, and thus mitigate intestinal inflammation.
The aberrant production of ROS at sites of intestinal inflammation is an important factor in pathogenesis of IBD. For example, biopsies taken from patients suffering from IBD have a ten-to hundredfold increase in mucosal ROS concentrations that are confined to sites of disease development. Kountouras et al. (49) identified the abnormally high levels of ROS produced at sites of intestinal inflammation as a disease specific triggering mechanism for siRNA release. To target orally delivered siRNA to sites of intestinal inflammation, they developed NPs, termed thioketal NPs (TKNs) that release encapsulated agents in response to ROS. TKNs are formulated from poly-(1,4-phenyleneacetone dimethylene thioketal), a new polymer composed of ROS-sensitive thioketal linkages (92) that are stable to acid-, base-, and protease-catalyzed degradation (92, 13) . Therefore, TKNs loaded with TNF-␣-siRNA remain stable in the harsh environment of the GI tract, thereby protecting siRNA and preventing its release to noninflamed tissues. However, at sites of intestinal inflammation the elevated ROS levels trigger the degradation of the TNF-␣-TKNs, thus localizing the release of siRNA to inflamed intestinal tissues. Using a murine model of UC, the authors showed that at a dose of 0.23 mg TNF-␣-siRNA per day that orally administered TNF-␣-TKNs diminished TNF-␣-mRNA levels in the colon and protect mice from experimental UC.
Nanomedicine for the Oral Delivery of Vaccines
One of the most important future applications of NMs is their use as nanocarriers for vaccine delivery to the mucosa (20, 89) . NPs can be used as adjuvants, as a delivery system, or both (6, 50, 73) . Nano-or microsized particles can target specific sites and mechanisms to enable uptake for delivery of vaccines to the mucosa (74) . NPs that are Ͻ200 nm in size are taken up by the epithelium mainly in the intestinal epithelial cells on villi tips or by the M cells. Intestinal macrophages can phagocytose particles 1 m in size, such as the liposomes (29). Tafaghodi et al. (98) successfully developed a liposomal intranasal vaccine against the tetanus toxoid. Following nasal administration in rabbits, they found that the nanocarrier-encapsulated formulation was more effective in inducing a mucosal immune response. Various ligands have been used on the surfaces of NPs and microparticles (74) . Such ligands may be proteins, for example, the antibody mAb 5B11, which is used on polystyrene latex particles to target M cells, or the secretory IgA, which targets mouse Peyer's patch M cells (82, 115) , or they may be other molecules, for example, the efficient truncated protein Invasin-C192 [a bacterial protein involved in cell attachment and invasion (62) ] (40) . Ligands may additionally be polysaccharides bonded to lipophilic groups, such as O-palmitoyl mannan (41) or the cholera toxin B subunit (14, 31, 93) .
CONCLUSION
This review has summarized the major types of NPs that have potential use in gastroenterology. The application of nanotechnology to medicine is a rapidly developing area of investigation. In the near future, it appears highly likely that nanotechnology will play an important role in assessment and treatment of gastroenterological diseases. Indeed, some of the nanomaterial-based therapies and diagnostics presented here outperform conventional materials in terms of efficacy, reliability, and practicality. Continued optimization of nanomaterial properties will be necessary to determine the applicability of these methods in modern healthcare practice. Importantly, advances in the integration of imaging systems and controllable nanomaterials may ultimately permit the detection of small bowel lesions. Futurist applications are already under investigation. Nanorobots, an active area of innovation, use nanometric robots for surgical and/or endoscopic procedures. Capsule endoscopy currently involves a miniature endoscopic camera that is swallowed by a person and permits detection of small bowel lesions. One can envision camera pills as nanorobots, which will enable diagnostic and therapeutic maneuvers. 
